Abstract: In this paper, expressions of the neutral conductor current in three-phase networks with compact fluorescent lamps (CFLs) are obtained from a CFL "black-box" model proposed in the literature. These expressions allow studying and performing a sensitivity analysis of the impact of CFLs on neutral current. 
> Compact fluorescent lamps (CFLs) are increasingly present in low voltage distribution systems. > CFLs have a non-linear behavior and inject harmonics into the distribution system. > This paper studies the neutral conductor current in three-phase networks with (CFLs). > The influence of the CFL model parameters and the three-phase unbalances on the neutral current is investigated. > The obtained results are validated with measurements.
Introduction
CFLs are used increasingly because of their low energy consumption and long average useful life compared to traditional incandescent bulbs. However, the former are linear time-variant electrical loads and the current waveform they absorb is extremely distorted (far removed from the sinusoidal form).
Although they are small-power single-phase loads (< 25 W), they can be an important source of harmonics because a large number of them can be connected to the same bus, causing problems in installations and affecting voltage waveform quality [1] , [2] . One of these problems is the harmonic current flow in the neutral conductor [3] [4] [5] . In balanced three-phase systems, the first-and fifth-order harmonics in the phase currents (k = 1, 7… and k = 5, 11…, respectively) are a positive sequence system and a negative sequence system, respectively, while the third-order harmonics (k = 3, 9…) are a zero *Manuscript Click here to view linked References 2 sequence system. In this situation, only the third-order harmonic currents flow into the neutral conductor and are three times as high as the corresponding harmonics in phase currents. System unbalances such as supply voltage unbalance and load unbalance cause the loss of positive and negative sequence symmetry in the first-and fifth-order harmonics. Hence, the sum of these harmonics in the neutral conductor is now not zero. This can increase the rms value of the neutral conductor current. Studies on this harmonic problem require CFL models to calculate the harmonic currents injected into the installation [1] , [6] - [9] .
In [1] , the Norton equivalents are used to characterize the CFL harmonic currents. In [6] and [7] , the concept of tensor analysis with phase dependency is introduced to consider the harmonic interaction of the supply voltage in CFL harmonic currents. In [8] , the CFL study is based on the CFL equivalent circuit. In [9] , external CFL behavior is modeled paying particular attention to the current waveform absorbed as a "black-box" function of the voltage applied.
This paper studies the impact of CFLs and three-phase unbalances on the neutral conductor current.
Section 2 presents the CFL model used in the neutral conductor current study, which is based on the "black-box" model in [9] . In Section 3, the expression of the neutral conductor current is determined based on the above model, and the influence of CFL parameters on the neutral current is studied.
Analytical expressions to determine the impact of supply voltage unbalance, different number of converters per phase and converters with different parameters per phase on the neutral conductor current are provided in Sections 4, 5 and 6. Moreover, this influence is analyzed using the previous expressions.
Section 7 gives an overview of the simplifications of the study. In Section 8, the obtained results are validated with four experimental tests and PSCAD/EMTDC simulations.
Compact fluorescent lamp modeling

CFL electronic ballast and current waveform
The typical circuit of the CFL electronic ballast is composed of a diode bridge with an ac resistance and a DC-smoothing capacitor that feeds the tube inverter [6] , [7] and [8] . The inverter and tube can be modeled as a resistor to investigate the harmonics of the ac input current i because the inverter usually runs at 10 to 40 kHz and appears as a constant load for the dc busbar [6] , [7] . According to the compromise between CFL current harmonic distortion, cost, life time and power-factor control, CFLs can 3 be divided into four main CFL electronic ballast categories: Simple CFL ballast circuit, passive filtering circuit, valley-fill circuit and active filtering circuit. These circuits are associated with the four categories of the CFL ac current harmonic spectra: poor, average, good and excellent, respectively [1] , [6] and [7] .
The discussion between manufacturers and electricity companies focuses on the choice between CFL acceptable power quality and cost. That is why the second and third CFL categories are the most common. The CFL model presented here corresponds to the "poor-average" CFL category.
FIGURE 1
Fig . 1 shows the typical ac current waveforms of the "poor-average" CFL category and their harmonic spectra. They were measured using the CFLs L1P 11W (L1), L2P 14W (L2) and L4P 20W (L3) in [9] fed with the non-sinusoidal supply voltages in the figure. The current phase angles I I (k) are referred to the phase angle of the fundamental supply voltage. The CFL current measurements reveal that
x Half-wave symmetry can be considered to characterize the CFL ac currents.
x The ac current waveforms have a very pronounced peak, which starts with a delay from the zerocrossing of the supply voltage.
x Steep and gentle slopes occur in the ac current rising and falling edges, respectively.
CFL analytical model
According to the above observations and considering the sinusoidal supply voltage u(t) = 2Usin(Z 1 t + I), the CFL current waveform can be determined as follows [9] :
where the function h(t t d ) is represented by a double-exponential function: ) = (10.6 ... 22.7) and K W2 (ms) = (0 ... 0.5) are considered in the study. Fig. 2 illustrates the model fitting to the ac current of the CFL L2 in Fig. 1 . The supply voltage is also plotted as a reference. It is worth noting that
x Parameter G is the scale factor of the conductance.
x Parameter t d is the time delay at the start of the conduction period.
x Parameters W 2 and W 1 are the time constants of the rising and falling edges.
FIGURE 2
It must be mentioned that there are also CFLs with current waveforms different from those in Fig. 1 .
Multi-exponential "black-box" models, [10] , are an interesting alternative to be considered in further studies to characterize these current waveforms. The choice between the double-or multi-exponential model should find a compromise between simplicity and accuracy in CFL current waveform representation.
Once the ac current waveform is characterized, the harmonic ac currents injected by CFLs can be analytically obtained from the complex Fourier series of the ac current expression (1):
,
where
and
It can be noted that U (k) in (4) is not the harmonics of the supply voltage u, which is considered 5 sinusoidal. In this case, the superscript (k) only indicates that phase angles of the supply voltage phasor
The complex number b (k) in (4) can also be written in Cartesian form as follows:
The following definitions:
will be useful for the neutral conductor current study in the next Sections. It has been numerically verfied and harmonic voltages affect CFL behavior [6] and [7] , typical distortion levels in power systems (below 2-3 %) do not affect this behavior significantly and the model provides acceptable results (see Fig. 1 ).
Neutral conductor current calculation
FIGURE 3
Considering that the CFLs share a "stiff" bus (Z th = 0), the three-phase system shown in Fig. 3 is 6 studied to calculate its neutral conductor current as , , ,
where subscript T denotes the total current of each phase (i.e., the sum of the currents consumed by all the N f CFLs connected at each phase f).
The system allows the influence of the following unbalances on the neutral conductor current to be considered:
x Supply voltage unbalance: Arbitrary voltages can be considered independently for each phase of the system,
and their corresponding phasors are
x CFL number per phase: Each phase is loaded with a variable number of CFLs (N a , N b and N c ).
x Different CFLs per phase: The CFLs per phase can have different parameters
Thus, considering (4), the phase harmonic currents can be calculated as
and, considering that the neutral conductor current is the sum of the phase currents (10), its harmonic currents can be calculated as
.
From the above results, the following expressions are calculated: x ri n is the ratio of the neutral conductor current rms value to the average of the phase current rms values.
In balanced conditions, (7) and G (k) = G·b (k) (4). Considering the above conditions, the phase harmonic currents, (12), and the neutral conductor harmonic currents, (13), can be written as
The ratios ri nk and ri n (14) are written as
It must be noted that the ratio ri n depends on the CFL (in particular, it depends linearly on the ratio 
Study of the supply voltage unbalance
If only the supply voltage unbalance is considered (
is the same number of CFLs per phase (N a =N b = N c = N) and all the CFLs have the same parameters
In the above situation, the parameters G, t d , W 1 and W 2 (3) are different for the CFLs of different phases and this is true for c K[ and d [ (6) , and therefore for b (k) (7) and (4) . Considering the above conditions, the phase harmonic currents, (12), and the neutral conductor harmonic currents, (13), can be 8 written as
The ratios ri nk and ri n (14) are written as 
Considering that unbalanced three-phase voltages can be related to a set of three voltages named zeropositive-and negative-sequence components (U z = U z I z , U p = U p I p and U ng = U ng I ng ) by applying the Fortescue transformation 
and (18) can be rewritten as a function of the unbalance factors,
where the superscript (k) in F f (k) only indicates that the phase angles of F f are affected by the variable k
Considering that standards restrict the magnitude of the unbalance factors to be less than 2-3% (m ng < 2-3% and m z < 2-3%), the magnitude of F f for f = a, b, c is approximately equal to one, i.e., |F f | = F f | 1, and therefore
It must be noted that the ratios ri nk and ri n depend on the unbalance and the CFL current parameters (i.e., F f (k) and G f (k) , respectively). Thus, although results are not shown for space reasons, this dependence was numerically analyzed from (22) considering the typical unbalance and CFL parameter values. The following conclusions can be drawn from the study:
x Both ratios depend mainly on the unbalance and, with regard to the CFL parameters, only the parameter W 1 has a significant influence on the ratio ri n (small W 1 values, i.e., wide ac current pulses, increase ri n values).
x The unbalance in the power supply increases the first-and fifth-order harmonics of the neutral conductor current and decreases the third-order harmonics in comparison with the balanced situation.
This is because the power supply unbalance causes the loss of positive and negative sequence symmetry in the first-and fifth-order harmonics of the phase currents and of zero symmetry in the third-order harmonics. Therefore, the sum of the first-and fifth-order harmonics of the phase currents is not zero and the sum of the third-order harmonics is less than the sum of their amplitudes.
x The above changes in the neutral conductor harmonic currents when the supply voltage is unbalanced are the smallest for the fundamental and the third order harmonics. The rms value of the neutral conductor current is also slightly affected by the supply voltage unbalance.
As an example, considering P ng = P z = 0º, G = 5 mS, 
Study of the number of CFLs per phase
If only the number of CFLs per phase is considered (N a , N b , N 
which can be classified into the following sets of harmonics:
, , , 
where I (k) is the harmonic current consumed by any CFL (4).
Thus, given that The ratios of (26) can also be expressed as 2  2  1 2  1  2  1  2  1 2   1  2  1 2  2  2  2  2  1  2  1  2  1 2  2  1  2   (1  )  3 1,5, 7 1
where x The number of CFLs per phase has a great influence on the rms value of the neutral conductor current.
This rms value increases with increasing the load unbalance (i.e., the difference between the number of CFLs per phase) and is equal to 3 when N 1 = N 2 = 0 (i.e., only CFLs connected in one phase).
From (26), it can be noted that the conclusions about the neutral conductor harmonic currents can be 
Study of the different CFLs per phase
If only the difference between the parameters of each set of CFLs is considered ( (7) and
Considering the above conditions, the phase harmonic currents, (12), and the neutral conductor harmonic currents, (13), can be written as
by non-linear loads sharing the same bus. The analytical study of the previous Sections does not consider these effects. The scope of this simplification is analyzed in the present Section.
The diversity effect means that the net harmonic current injected by different non-linear loads connected to the same bus can be reduced in comparison to that obtained from the arithmetical sum of the non-linear load contributes. This is due to dispersion in the harmonic current phase angles of all nonlinear loads, which can result in harmonic cancellation between their currents. Although this phenomenon could be studied with the CFL model in Section 2.2, the diversity effect between the CFL harmonic currents of the same phase cannot be considered in the analytical study of the previous Sections because
CFLs with the same parameters load each phase. With this assumption it is possible to simplify the study (i.e., i Tf = N f ·i f with f = a, b, c) without losing much accuracy in the results because it was numerically verified that this effect is not significant for CFLs with different parameters, especially for low-order harmonics. This is so because it is difficult to obtain the counterphase situation with the CFL harmonic currents, and therefore they are not usually cancelled, [4, 6] .
The attenuation effect occurs when several CFLs share a common source impedance, Z th = R th + jX th | jX th . In this situation, the number of CFLs connected to the common bus affects the shape of the CFL supply voltage and influences the harmonic currents injected by the CFLs by reducing their magnitudes [4] . In the analytical study, the CFLs share a "stiff" bus ( Fig. 3) , i.e., the source impedance is not considered (Z th | jX th = 0), and in principle, this does not allow the attenuation effect to be considered. Nevertheless, the obtained results can be considered acceptable because, as mentioned in Section 2.2, the influence of harmonic voltages is not significant for the usual distortion levels in power systems (below 2-3 %) and the model provides acceptable results.
Tests
To validate the accuracy of the analytical study in the previous Sections, four tests were performed with the CFLs L1P 11W (L1), L2P 14W (L2) and L4P 20W (L3) in [9] to compare the experimental measurements and the PSCAD/EMTDC simulations against the "black-box" model analytically computed currents. These tests were made in the four-wire three-phase system fed with sinusoidal supply voltages of Fig. 3 .
Experimental tests
14
In the experimental tests, the CFLs were fed from a 6 KVA, 0 -240 V continuously variable voltage auto transformer (varivolt), and a YOKOGAWA DL 708 E digital scope with a 20 kHz sampling frequency was used to measure the voltage and ac current waveforms.
x Test 1 (balanced conditions):
-Three-phase supply voltages: U a = 2300º V, U b = a 2 U a and U c = a U a .
-Number of CFLs per phase: N a = N b = N c = 2.
-CFLs: The same CFLs in all the phases (L1, L2 or L3 corresponding to test 1a, test 1b or test 1c, respectively).
FIGURE 5
The results are shown in Fig. 5 where only test 1a waveforms are plotted (similar results are obtained for test 1b and 1c waveforms). It must be noted that the ratio ri n of test 1b is slightly smaller than the others because K W1 of L2 is bigger than K W1 of L1 and L3 (i.e., the L2 current pulse is slightly narrower than the L1 and L3 current pulses). ..) are independent of the CFL and are labelled as point P in Fig. 4(a) . 15 The value of the ratio ri n depends on the CFL and is labelled as point L3 in Fig. 4 The results are shown in Fig. 5 . It must be noted that the CFL unbalance slightly affects on the neutral conductor current. Nevertheless, this conclusion is only valid for the considered test because all the ratios depend on the CFL parameters and there are many possible unbalance situations.
Note that the theoretical results agree closely with the experimental results. Thus, if the CFL model parameters are known, the analytical expressions obtained in the previous Sections are a good tool to study the neutral conductor current.
Simulation tests
The above Section results were also validated by programming a custom toolbox with the CFL equivalent circuit model proposed in [6] and [7] in the PSCAD/EMTDC software package [11] and simulating the four-wire three-phase systems in the four tests. The equivalent circuit is composed of a diode bridge with an ac input resistance R and a dc smoothing capacitor C that feeds the inverter and the CFL tube, which can be modeled as an equivalent resistance R D . The electrical parameters of the L1, L2
and L3 lamps were estimated by fitting the measured and simulated current waveforms [6] , [7] and [8] , 
Conclusion
The present paper analyzes the neutral conductor current in four-wire three-phase systems with CFLs from the double-exponential "black-box" model proposed in [9] . Novel analytical expressions depending on supply voltage unbalance, number of CFLs per phase and different CFLs per phase are provided to 16 calculate the neutral conductor current. Moreover, these expressions allow analyzing the influence of CFL parameters and previous unbalance factors on the neutral current. Two main conclusions are obtained, the CFL current pulse waveform has an impact on the neutral current (larger widths and steeper slopes of the pulse lead to higher neutral currents) and the influence of the number of CFLs per phase on this current does not depend on the CFL parameters. The diversity and attenuation effects are not considered in the study. However, the obtained results are acceptable since the above effects have little impact on this study. It is difficult to obtain counterphase situation with the CFL harmonic currents and the influence of harmonic voltages is not significant for the usual distortion levels in power systems (below 2%). The theoretical expressions analytically obtained were validated with measurements and PSCAD/EMTDC software simulations. 
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